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cis-RNA elementstial for ﬂavivirus replication. We used RNases to probe the structures formed by
the 5′-terminal 190 nucleotides and the 3′-terminal 111 nucleotides of the West Nile virus (WNV) genomic
RNA. When analyzed individually, the two RNAs adopt stem-loop structures as predicted by the
thermodynamic-folding program. However, when mixed together, the two RNAs form a duplex that is
mediated through base-pairings of two sets of RNA elements (5′CS/3′CSI and 5′UAR/3′UAR). Formation of the
RNA duplex facilitates a conformational change that leaves the 3′-terminal nucleotides of the genome
(position −8 to −16) to be single-stranded. Viral NS5 binds speciﬁcally to the 5′-terminal stem-loop (SL1) of
the genomic RNA. The 5′SL1 RNA structure is essential for WNV replication. The study has provided further
evidence to suggest that ﬂavivirus genome cyclization and NS5/5′SL1 RNA interaction facilitate NS5 binding
to the 3′ end of the genome for the initiation of viral minus-strand RNA synthesis.
© 2008 Elsevier Inc. All rights reserved.Introduction
Many viruses from the genus Flavivirus cause signiﬁcant human
disease. The four serotypes of dengue virus (DENV), as well as West
Nile virus (WNV), yellow fever virus (YFV), Japanese encephalitis virus
(JEV), and tick-borne encephalitis virus (TBEV), are emerging or
reemerging pathogens. Flavivirus virions contain a single-stranded,
plus-sense genomic RNA of approximately 11,000 nucleotides (nt) in
length. The genomic RNA encodes a single open reading frame (ORF)
that is ﬂanked by 5′ and 3′ untranslated regions (UTR) of about 100
and 400–700 nt, respectively. The ORF encodes a polyprotein that is
processed by viral and cellular proteases into three structural proteins
(capsid [C], premembrane [prM] or membrane [M], and envelope [E])
and seven nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b,
and NS5) (Lindenbach et al., 2007). NS3 acts as a serine protease (with
NS2b as a cofactor), RNA triphosphatase, nucleoside triphosphatase,
and helicase (Li et al., 1999; Warrener et al., 1993; Wengler and
Wengler, 1991). NS5 functions as a methyltransferase (MTase) (Egloff
et al., 2002; Koonin, 1993; Ray et al., 2006; Zhou et al., 2007) and an
RNA-dependent RNA polymerase (RdRp) (Ackermann and Padma-
nabhan, 2001; Guyatt et al., 2001; Tan et al., 1996).
A number of cis-acting RNA elements, located mainly in the 5′ and
3′ UTRs, have been identiﬁed for ﬂaviviruses (Fig. 1A) (Markoff, 2003).olis Road, #05-01 Chromos,
).
l rights reserved.The 5′- and 3′-terminal sequences of the ﬂavivirus genome were
thermodynamically predicted to form conserved stem-loop (SL)
structures, which are currently supported by limited experimental
evidence (Brinton and Dispoto, 1988; Brinton et al., 1986; Mandl et al.,
1993; Rice et al., 1985). Mutagenesis of DENV showed that partial
deletions of the 5′ or the 3′ SLswere lethal for viral replication (Cahour
et al., 1995; Men et al., 1996; Zeng et al., 1998). Within the 3′ SL
structure, the 3′ extreme nucleotides (Khromykh et al., 2003;
Nomaguchi et al., 2003; Tilgner and Shi, 2004), a ﬂavivirus-conserved
pentanucleotide element (Elghonemy et al., 2005; Tilgner et al., 2005),
and a bulge topology in the middle of the terminal stem (Yu and
Markoff, 2005), were found to be essential for viral replication. A four-
nucleotide-base pairing-mediated pseudoknot interaction was pro-
posed for the 3′-terminal two SLs of the ﬂavivirus genomic RNA (Shi
et al., 1996). Additionally, the 3′-terminal SL RNA was shown to bind
speciﬁcally to viral and host proteins, such as viral NS2A (Mackenzie
et al., 1998) and host eEF1α (Blackwell and Brinton, 1997). The major
binding site of the eEF1α protein was mapped to the 5′-CACA-3′
sequence in the middle of the 3′-terminal SL (Blackwell and Brinton,
1997). Furthermore, the interaction between the eEF1A and the 3′ SL
of the WNV genomic RNA was shown to be critical for the synthesis
of minus-strand RNA (Davis et al., 2007).
Besides the terminal SLs, ﬂavivirus genome cyclization was shown
to be essential for viral replication. Two long-distance RNA interac-
tions were proposed to contribute to the ﬂavivirus genome cyclization
(Fig. 1A). The ﬁrst RNA interaction is mediated by base-pairings
between a 5′CS element (a conserved sequence located in the N-
Fig. 1.WNV genome cyclization and thermodynamically predicted terminal stem-loop structures. (A) RNA cis-elements required for WNV replication. The WNV genome structure is
shown. The SL structures formed by the 5′- and 3′-terminal nucleotides of the genome were predicted using the Mfold program (Mathews et al., 1999). The two potential long-
distance RNA interactions, 5′CS/3′CSI and 5′UAR/3′UAR, are indicated by dashed lines. The sequences for the 5′UAR, 5′CS, 3′CSI, and 3′UAR are shaded. The ﬂavivirus-conserved
pentanucleotides, cellular protein eEF1A-binding site, and a 4-bp pseudoknot are indicated. The AUG initiation codon of the open reading frame is underlined. The nucleotides are
numbered for both ends; the symbol “−” denotes numbering from the 3′ end of the genome. (B) RNA duplex formation between the 5′ 190-nt RNA and the 3′ 111-nt RNA of the WNV
genome. Approximately 8 pmol of 3′ 111-nt RNA probe (internally labeled withα-32P-GTP) were incubatedwith indicated amounts of cold 5′ 190-nt RNA. The reactionmixtures were
analyzed on a native 8% polyacrylamide gel followed by autoradiography. The positions of the 3′ 111-nt RNA probe and 5′/3′RNA duplex are labeled on the left side of the gel.
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ﬂaviviruses) and a 3′CSI element (located in the 3′ UTR) (Hahn et al.,
1987); the 5′CS/3′CSI interaction was shown to be essential for the
replication of ﬂavivirus replicons and genome-length RNAs (Breden-
beek et al., 2003; Corver et al., 2003; Khromykh et al., 2001; Koﬂer
et al., 2006; Lo et al., 2003; Men et al., 1996), and for DENV RdRp
activity (Filomatori et al., 2006; You et al., 2001; You and Padmanab-
han, 1999). The second long-distance RNA interaction is mediated by
the base-pairings between a 5′UAR (upstream initiation AUG region)
element and a 3′UAR sequence (located at the bottom portion of the 3′
SL of the genome). The 5′UAR/3′UAR interaction was reported to be
essential for replication in DENV-2 and in WNV (Alvarez et al., 2008;
Alvarez et al., 2005; Zhang et al., 2008a). The molecular details of how
these RNA elements regulate viral replication remain to be elucidated.
Here we performed RNase probing of the RNA structures formed
by the terminal nucleotides of the WNV genome. The probing
results demonstrate that (i) the 5′- and 3′-terminal nucleotides of
the viral genome form distinct RNA SL structures; (ii) cyclization of
the WNV genomic RNA is mediated by the 5′UAR/3′UAR and 5′CS/3′
CSI base-pairing interactions; and (iii) the genome cyclization
triggers a conformational change that leaves some of the 3′-
terminal nucleotides of the genomic RNA to be single-stranded.
Analysis of RNA/protein interactions showed that full-length NS5 ofFig. 2. RNase probing of terminal stem-loop structures of WNV RNA. (A) Structure probing o
subjected to RNase I and RNase V1 probing. Additionally, the labeled 5′RNA was mixed wit
duplex (labeled as 5′/3′RNA). The 5′/3′RNA duplex was also subjected to RNase I and RNase V
or digested with RNase T1 to generate a G ladder. The 5′RNA alone (without treatment) was
RNA: left, 20% polyacrylamide denaturing gel; middle and right, 6% polyacrylamide gels. Reg
duplex are labeled on the right side of the gels. Regions representing the 5′UAR and 5′CS are
not be correctly assigned, as indicated by “?”. (B) Structure probing of the 3′-terminal stem-lo
cold 5′ 190-nt RNA (labeled as 5′/3′RNA) was subjected to RNase probing. Regions with d
indicated. Regions representing the 3′UAR and 3′CSI are indicated by thick lines. The RNaseWNV binds speciﬁcally to the 5′-terminal SL (SL1) RNA, but the
protein binds nonspeciﬁcally to the 3′ region of the genome. The
speciﬁc binding of NS5 to the 5′ SL1 RNA, together with the
proximity of the 5′ and 3′ ends of the genome (mediated through
genome cyclization), allows viral NS5 protein to interact with both
ends of the genomic RNA.
Results
Distinct stem-loop structures formed by the 5′- and 3′-terminal
nucleotides of the WNV genomic RNA
We directly probed the RNA structures formed by the 5′- and 3′-
terminal nucleotides of theWNV genome. Two RNAs, representing the
ﬁrst 190 nt and the last 111 nt of WNV genome, were in vitro
transcribed, and were 5′-end labeled with α-32P-GTP, using vaccinia
virus capping enzyme. The resulting RNAs, 5′ G⁎pppA-190-nt and 3′
G⁎pppA-111-nt RNA (the symbol “⁎” indicates that the following
phosphate is 32P-labeled), were subjected to limited digestions under
native conditions with single-strand-speciﬁc RNase I and double-
strand-speciﬁc RNase V1. The digested products were analyzed on
denaturing polyacrylamide gels. Three gels, one with 20% polyacry-
lamide (Fig. 2, left panel) and twowith 6% polyacrylamide (middle andf the 5′-terminal SL structures. The 5′ G⁎pppA-190-nt RNA alone (labeled as 5′RNA) was
h equimolar 3′RNA (representing the last 111-nt of the WNV genome) to form an RNA
1 probing. The labeled 5′RNAwas either hydrolyzed to yield an RNA ladder (OH ladder),
included as a negative control. Three gels were used to resolve different regions of the
ions showing differences in RNase cleavages between the 5′RNA alone and the 5′/3′RNA
indicated by thick lines. For an unknown reason, nucleotides between 126 and 136 could
op structures. The 3′ G⁎pppA-111-nt RNA alone (labeled as 3′RNA) or in RNA duplex with
ifferences in RNase cleavages between the 3′RNA alone and the 5′/3′RNA duplex are
cleavages are summarized in Fig. 3.
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126 H. Dong et al. / Virology 381 (2008) 123–135right panels), were used to resolve different regions of the RNAs. For
assignment of each band on the gel, the 5′ G⁎pppA-190-nt RNA and 3′
G⁎pppA-111-nt RNAwere also subjected to limited alkaline hydrolysis
and RNase T1 cleavage (which speciﬁcally digests RNA after a G
residue) to yield an OH ladder and G ladder, respectively. Note the
minor differences in mobility of the products cleaved by different
RNases. These differences arise because cleavages by RNase T1 and
RNase I leave a 3′-phosphate, whereas cleavages by RNase V1 leave a
3′-hydroxyl.
For 5′ G⁎pppA-190-nt RNA alone, Fig. 2A shows its digestion
patterns with RNase I (lanes 3, 9, and 16) and RNase V1 (lanes 5, 11,
and 18). Fig. 3A summarizes the RNase probing results, super-
imposed on the SL structures predicted by the Mfold program. It
should be noted that, for an unknown reason, nucleotides between
126 and 136 could not be correctly assigned in Fig. 2A (right panel);
the same problem was encountered in Fig. 6A (right panel).
Nevertheless, the probing data were in general agreement with
the thermodynamically predicted folding, which consists of ﬁve
distinct SLs (SL1 to SL5). Each of the predicted loops was found to
be sensitive to RNase I digestion, and parts of the stems were
digested by RNase V1. However, four regions were cleaved by both
RNases. The ﬁrst two regions are located in the top portion of SL1
(nucleotides 16 to 30 and 42 to 46), suggesting that these
nucleotides “breathe” under the probing condition. The third region
is located in the junction between SL2 and SL3 (nucleotides 108 to
114), and the fourth is located in the 5′CS sequence (nucleotides
136 to 146), suggesting that these nucleotides alternate in
conformation between single-stranded and double-stranded or
base stacking.
For 3′ G⁎pppA-111-nt RNA alone, Fig. 2B shows the gel analysis of
digestion patterns with RNase I (lanes 3, 9, and 15) and with RNase V1
(lanes 5, 11, and 17). Fig. 3B summarizes the probing experiments on
the thermodynamically predicted SL structure. The nucleotides within
the 3′CSI element (−95 to −106; the symbol “−” denotes that
nucleotides are numbered from the 3′ end of the WNV genomic
RNA) were mainly digested by RNase I, indicating that the 3′CSI
element is single-stranded. Among the two predicted SL structures,
half of the 3′ SL1 (nucleotides −16 to −65) was strongly supported by
the probing results. However, nucleotides −73 to −95, which span the
other half of the 3′ SL1 and the entire 3′ SL2, were cleaved by both
RNase I and RNase V1, suggesting that these regions are only loosely
structured. Nucleotides −9 to −13 were cleaved very weakly by the
RNase I. In general, the probing results support the existence of the
secondary structures that were predicted byMfold to be formed by the
5′- and 3′-terminal nucleotides of the WNV genome.
WNV genome cyclization
Since the 5′ 190-nt RNA and the 3′ 111-nt RNA contained the
elements required for genome cyclization (5′UAR/3′UAR and 5′CS/3′
CSI), the two RNAs, upon mixing, formed an RNA duplex (Fig. 1B).
Incubation of 3′G⁎pppA-111-nt RNA probewith increasing amounts of
cold 5′ 190-nt RNA produced 5′/3′RNA duplex in a dose-dependent
manner. The 3′ G⁎pppA-111-nt probe (total 8 pmol) was almost
completely converted to 5′/3′RNAduplexwhen incubatedwith 8 pmol
of cold 5′ 190-nt RNA (Fig. 1B). Reciprocally, the 5′/3′RNA duplex could
be formed when 5′ G⁎pppA-190-nt RNA was incubated with cold 3′
111-nt RNA (data not shown). These results indicate that the RNA
duplex is composed of the 5′ and 3′RNAs in an equimolar ratio. This
two-RNA system has been well established for in vitro analysis of
ﬂavivirus genome cyclization (Alvarez et al., 2005; Filomatori et al.,
2006; Yu et al., 2008; Zhang et al., 2008a).
We probed the structure of the 5′/3′RNA duplex, in order to detect
conformational changes upon genome cyclization. The RNA duplex,
with 32P-labeling one of its two components, 5′ G⁎pppA-190-nt RNA
or 3′ G⁎pppA-111-nt RNA, was subjected to RNase I and RNase V1digestions. Intra- and inter-molecular structures in the RNA duplex
were examined, for the 5′RNA (Fig. 2A, lanes 4, 6,10,12,17, and 19) and
the 3′RNA (Fig. 2B, lanes 4, 6,10,12,16, and 18). Fig. 3C summarizes the
cleavage results of the RNA duplex. Comparison of the cleavage
patterns between RNA alone and duplexed RNA indicated that, upon
formation of the RNA duplex, the conformations of some RNA regions
remained the same, whereas other RNA regions underwent con-
formational changes. For the 5′ G⁎pppA-190-nt RNA, the following
regions exhibited cleavage patterns that differed between the RNA
alone and the duplexed RNA (Fig. 2A): (i) nucleotides 76 to 114
(spanning the 5′UAR element), a region showing changes in both the
RNase I and RNase V1 cleavages; (ii) nucleotides 136 to 146 (within the
5′CS element), a region no longer cleavable by RNase I in the RNA
duplex; and (iii) nucleotides 156 to159 and 175 to 178, regions
becoming less cleavable by RNase I in the RNA duplex.
For the 3′ G⁎pppA-111-nt, the digestion patterns differed between
the RNA alone and the duplexed RNA in the following regions (Fig.
2B): (i) nucleotides −98 to −106 (within the 3′CS1 element), a region
that were signiﬁcantly less susceptible to RNase I, and nucleotides
−100 to −102, a region that became cleavable by RNase V1 in the
duplex; (ii) nucleotides −88 to −90, a region that were less cleavable
by RNase V1 in the duplex; (iii) nucleotides −62 to −82 (spanning the
3′UAR element), a region showing changes in both RNase I and RNase
V1 cleavages. It was most notable that, in the RNA duplex, nucleotides
−62 to −71 became cleavable by RNase I, whereas nucleotides −73 to
−81 were no longer cleavable by RNase I; (iv) nucleotide −21, a residue
that became cleavable by RNase V1 in the duplex; and (v) nucleotides
−8 to −16, a region that was heavily cleaved by RNase I in the duplex,
while nucleotides −15 and −16 of that region became more cleavable
by RNase V1. Overall, the probing results suggest that regions
containing the 5′UAR, 5′CS, 3′CS1, and 3′UAR elements change their
conformations upon RNA duplex formation, giving rise to the 5′UAR/3′
UAR and 5′CS/3′CSI base-pairings (Fig. 3). Additionally, formation of
the RNA duplex facilitates a conformational change of the 3′-terminal
nucleotides (position −8 to −16) unpaired.
Speciﬁc binding of NS5 to the 5′RNA of WNV genome
Gel-shift assays were used to examine the interaction between
viral NS5 and 5′RNA of the WNV genome. Recombinant proteins of
full-length NS5 (aa 1–905), MTase domain (aa 1–300), and RdRp
domain (aa 268–905) were expressed and puriﬁed (Fig. 4A). We
previously showed that these proteins had expected enzymatic
activities: the full-length NS5 with both MTase and RdRp activities,
MTase domain with cap methylation activity, and RdRp domain with
RNA polymerization activity (Dong et al., 2008; Wong et al., 2003;
Zhang et al., 2008b). Incubation of 5′ pppA-190-nt RNA of WNV
(internally labeled with 32P-GMP) with increasing amounts of NS5
yielded two distinct RNA–protein complexes; additional complexes
aggregated in the wells of native polyacrylamide gels (Fig. 4B, lanes 2–
5). Incubation of the 5′RNAwith the MTase domain efﬁciently formed
complexes which aggregated in the wells of the gel (lanes 6–8). The
complexes formed between the RdRp domain and the 5′RNA, in
contrast, gave rise to smeary patterns (lanes 9–12).
Since the MTase domain of NS5 is expected to interact with the 5′
cap structure during capmethylation, we tested whether the presence
of the 5′ cap in the RNA affects RNA binding to NS5. Three coldWNV 5′
190-nt RNAs, differing in their 5′ ends (m7GpppA, pppA, or A without
any phosphate), were assayed for their competition against the
complex formation between the 32P-labeled pppA-190-nt RNA and
NS5 (Fig. 4C). Gel-shift results showed comparable levels of competi-
tion efﬁciency for the three competitors, indicating that deletion of
the 5′ cap structure does not affect the formation of the 5′RNA/NS5
complex. It should be pointed out that the latter results do not exclude
the potential importance of the interaction between the NS5 and cap
structure, because multiple contact sites can contribute to the
Fig. 3. Summary of results from structure probing of RNA and footprinting of NS5/RNA complexes. Cleavage results from three independent experiments are summarized for 5′ 190-nt
RNA alone (A), 3′ 111-nt RNA alone (B), and 5′/3′RNA duplex (C). Both strong and weak RNase cleavages are presented on the Mfold-predicted SL structures. The 5′/3′RNA duplex
structure in (C) was calculated by using a sequence containing the 5′ 190-nt RNA and 3′ 111-nt RNA connected with a poly(A)20 linker; the poly(A)20 linker in not shown in (C). The
nucleotides of 5′/3′RNA duplex protected by NS5 protein are shaded in red in (B and C). The sequences for the 5′UAR, 5′CS, 3′CSI, and 3′UAR are shaded in grey. Since nucleotides
between 126 and 136 could not be correctly assigned in Figs. 2A and 6A (right panels), the cleavage results of these nucleotides are not indicated.
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Fig. 4. Speciﬁc binding of WNV NS5 to 5′ 190-nt RNA. (A) Recombinant proteins of WNV NS5, MTase, and RdRp. The proteins were analyzed on an SDS-PAGE stained with Coomassie
blue. Molecular-weight makers are labeled on the left of the gel. (B) Gel-shift analysis of RNA/protein complexes formed between 5′ 190-nt RNA probe and NS5, MTase, or RdRp. RNA/
protein complexes were formedwith increasing amounts of proteins. The positions of the 5′ pppA-190nt RNA probe, RNA/protein complexes, and wells of the gel are indicated on the
left. (C) The effects of 5′ cap structure on RNA/NS5 interaction. Various amounts of cold 5′ 190-nt RNAwith different 5′ termini (m7GpppA, pppA, and Awithout 5′ phosphate) were
used as competitors in gel-shift assays. (D) Speciﬁc interaction of NS5 with 5′RNA of WNV. Cold RNA competitors, representing either viral 5′ 190-nt RNA or plasmid-derived RNAs
[pUC 190-nt RNA and pGEM-5Zf(+) 190-nt RNA], were added to the gel-shift assays to compete against complex formation of the viral 5′ 190-nt RNA and NS5 protein. See details in
Materials andmethods. (E) The 5′-terminal SL1 of theWNV genome plays a critical role in NS5 binding. Cold 5′RNA containing a 74-nt 5′ SL1 deletionwas used to compete against the
complex formation of NS5 and WT 5′ 190-nt RNA. As a positive control, the cold WT 5′RNA was also included in the competition assay.
128 H. Dong et al. / Virology 381 (2008) 123–135formation of the NS5–RNA complex (see footprinting results below),
and deletion of one contact site is not sufﬁcient to substantially
weaken the RNA/NS5 interaction.
Competition assays were performed to test the speciﬁcity of the
interaction between the NS5 and the 32P-labeled 5′ pppA-190-nt RNA
(Fig. 4D). Three cold RNA competitors were assayed in the competition
experiments: one RNA containing the authentic 5′ 190-nt sequence of
the WNV genome, and two RNAs containing 190-nt sequences from
plasmids [pUC19 and pGEM-5Zf(+)]. Increasing amounts of coldWNV5′
pppA-190 RNA out competed the RNA/protein complex in a dose-
responsive manner (lanes 1-5). In contrast, neither pUC19 pppA-190-ntRNA (lanes 7–11) nor pGEM-5Zf(+) pppA-190-nt RNA (lanes 12–16)
efﬁciently competed away theRNA/protein complex. The results suggest
that WNV NS5 bind speciﬁcally to the 5′RNA of the WNV genome.
Nonspeciﬁc binding of NS5 to the 3′RNA of WNV genome
We examined the interaction between NS5 and the 3′ pppA-111-nt
RNA of theWNV genome. Gel-shift assays showed that NS5 can form a
complex with the 3′ pppA-111-nt RNA (internally labeled with 32P-
GMP; Fig. 5A); the amount of NS5–RNA complex increased with
increasing amounts of NS5 (lanes 2–5). Next, we tested the speciﬁcity
Fig. 5. Nonspeciﬁc binding of WNV NS5 to the 3′ 111-nt RNA. (A) Gel-shift analysis of complex formation between WNV NS5 and the 3′ 111-nt RNA. The 3′ 111-nt RNA probe was
internally labeled with [α-32P]GTP. RNA/protein complexes were formed with increasing amounts of NS5. (B) Nonspeciﬁc interaction between NS5 and 3′RNA of WNV. Cold viral 3′
111-nt RNA or plasmid RNA (pUC 190-nt RNA) was added to the gel-shift assays and analyzed on native gels. The positions of 3′ 111-nt RNA probe, RNA/protein complexes, and wells
of the gel are indicated.
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(Fig. 5B). Both viral speciﬁc RNA and plasmid pUC19-derived
nonspeciﬁc cold RNA could compete away the RNA/protein complex;
the plasmid RNA competed more efﬁciently than did the viral RNA.
Another nonspeciﬁc RNA, derived from plasmid pGEM-5Zf(+), also
competed away the 3′RNA/NS5 complex as efﬁciently as did the
pUC19 RNA did (data not shown). The results suggest that the binding
of NS5 to the 3′RNA of WNV is nonspeciﬁc.
Footprinting of the NS5/RNA complex
RNA footprinting was performed to probe the NS5-binding sites on
the 5′/3′RNA duplex. First, the NS5-binding sites on the 5′RNA in the
RNA duplex were probed. An RNA duplex was formed by mixture of
equimolar 32P-labeled 5′G⁎pppA-190-nt RNA and cold 3′ pppA-111-nt
RNA. The resulting RNA duplex was cleaved by RNase I and RNase V1
in the presence and absence of NS5. Gel analysis and summary of the
cleavage results are presented in Figs. 6A and 3C, respectively.
Comparison of the RNase digestion patterns between the RNA duplex
alone and the RNA duplex/NS5 complex showed that nucleotides 1–3,
5–16, 18–21, 24, 25, 46–51, 70–72, and 77–80 were protected by NS5
(Fig. 6A). No consistent protection was observed at regions down-
stream of nucleotide 80 in the 5′/3′RNA duplex. In contrast, some of
the downstream nucleotides became more cleavable by RNase I in the
RNA/protein complex than they were in the RNA duplex alone
(compare lanes 25 and 26); however, the RNase V1 cleavages of
these nucleotides did not change upon NS5 binding (compare lanes 29
and 30), suggesting that these nucleotides undergo a minor
conformational change upon NS5 binding. The footprinting results
suggest that, in the presence of genome cyclization interaction, NS5
binds to the 5′RNA primarily through the 5′-terminal SL1 (Fig. 3C). It
should be noted that nucleotides 1–3 and 18–21 protected by NS5 (as
indicated by the RNase I digestion) are in agreementwith our previous
footprinting results (Dong et al., 2007).
Since NS5 speciﬁcally binds to 5′RNA in the absence of 3′RNA (Fig.
4B), we tested whether the NS5-binding sites differ between the 5′
RNA alone and the RNA duplex. The NS5-binding sites on the 5′
G⁎pppA-190-nt RNA alone were probed (Fig. 6A). The ﬁrst 72 nt of the
5′ G⁎pppA-190-nt RNA of the RNA duplex and RNA alone showed
identical protection patterns (lanes 3–10 and 13–20). For the 5′RNA
alone experimental group, RNase I digestion showed additional
protected nucleotides at 109–114 and 138–148 (lanes 23 and 24);
RNase V1 digestion also showed one additional protected nucleotide,
at position 105 (lanes 27 and 28). These results suggest that, in the
absence of genome cyclization, NS5 can also interact with down-
stream RNA elements, in addition to the 5′ SL1. However, the
downstream protected sites are not critical for NS5 binding, as
evidenced by competition results (see below).Because NS5 nonspeciﬁcally interacts with the 3′RNA alone (Fig. 5),
we did not perform footprinting using 3′RNA alone. However, since
the NS5 speciﬁcally binds to 5′RNA, and since genome cyclization
brings together the 5′ and 3′ ends of genomic RNA, we probed the
NS5-binding sites on the 3′RNA in the context of an RNA duplex. The
RNA duplex containing the 5′-end labeled 3′ 111-nt RNA was partially
digested with RNases in the presence or absence of NS5. The gel
analysis and summary of the footprinting experiments are presented
in Figs. 6B and 3C, respectively. The cleavage results showed a number
of protected regions, including nucleotides −8 to −16, −21, −24, −55 to
−58, −63, −67, −71, −72, −77, −78, −87 to −91, and −101 to −103. The
protected regions are scattered along the 3′RNA (Fig. 3C), possibly due
to the nonspeciﬁc nature of the NS5–3′RNA interaction.
Importance of the 5′ stem-loop of WNV genome in NS5 binding
The above footprinting results suggest that the speciﬁc interaction
between the NS5 protein and the 5′RNA mainly resides in the 5′ SL1.
To validate these results, we performed a gel-shift competition
experiment. Unlabeled 5′RNA containing a 74-nt 5′ SL1 deletion was
used to compete against the complex formation of NS5 and wild-type
(WT) 5′ 190-nt RNA. In agreement with the footprinting results, the
mutant RNA showed almost no competition against the WT 5′RNA/
NS5 complex (Fig. 4E, lanes 1–4), whereas the cold WT 5′RNA
efﬁciently competed away the complex (lanes 6–9). These results
conﬁrmed that the 5′ SL1 is critical for binding to NS5 protein, and
provided evidence that the protected nucleotides downstream of the
5′ SL1 may not be critical for NS5 binding.
Functional analysis of the 5′ stem-loop structure of WNV genome
Based on the above biochemical results, we performed a functional
analysis of the RNA structure in viral replication. First, we system-
atically mutated the 5′ SL1 in a Renilla luciferase-reporting replicon
(Rluc-Rep; Fig. 7A). Three helices (H-I to H-III) and two loops (L-I to L-
II) of the 5′ SL1 were individually analyzed (Fig. 7B). Three mutants
were prepared for each helix. As exempliﬁed by H-I, twomutants each
contained a replacement of one strand in the stem by that strand's
complement; from these, we could determine the effect of disruption
of the helix on viral replication (mutants H-I1 and H-I2). A third
mutant contained replacements of both strands of the stem; this
allowed us to test the effect of sequence of the helix on viral
replication (mutant H-I3). For L-I, onemutant was prepared to contain
the loop with an inverted orientation (L-I1). Since L-II was shown to
interact with NS5 (Fig. 3C), three mutations were prepared within this
region, each with part of the loop sequence changed (Fig. 7B, L-II1, L-
II2, and L-II3). Equal amounts of WT and mutant replicon RNAs were
transfected into BHK-21 cells, and were then assayed for luciferase
Fig. 6. Footprinting of RNA/NS5 complexes. (A) Footprinting of NS5-binding sites on WNV 5′RNA. The 5′-labeled G⁎pppA-190-nt RNA of WNV genome (labeled as 5′RNA) w ncubated with or without NS5 protein, digested with indicated
RNases, and analyzed on a 20% polyacrylamide denaturing gel (left panel) and two 6% polyacrylamide gels (middle and right panels). Additionally, RNA duplex (labeled as 5′/3 ), formed by the 5′G⁎pppA-190-nt RNA and cold 3′ 111-nt RNA,
was incubated with or without NS5 protein, digested with indicated RNases, and analyzed on denaturing gels. As mentioned in Fig. 2, nucleotides between 126 and 13 ould not be correctly assigned, as indicated by symbol “?”. (B)
Footprinting of NS5-binding sites on WNV 3′RNA. The 3′RNA, representing the last 111-nt of the viral genome, was 5′-end labeled using vaccinia capping enzyme. The resul G⁎pppA-111-nt RNAwas incubated with cold 5′ 190-nt RNA, to
form 5′/3′RNA duplex. The RNA duplex was then incubated with or without NS5, digested with RNases, and analyzed on a 20% polyacrylamide gel (left panel) and a 6% p crylamide gel (right panel). The NS5-protected nucleotides are
bracketed on gels and are labeled on the right sides of gels. The footprinting results are summarized in panels B and C of Fig. 3. The OH ladder, G ladder, and RNA alone w out RNase treatment are included in the analysis.
130
H
.D
ong
et
al./
V
irology
381
(2008)
123
–135as i
′RNA
6 c
ting
olya
ith
Fig. 7. Functional analysis of 5′ stem-loop structure and NS5-binding sites of WNV genome. (A) A luciferase-expressing WNV replicon. A Renilla luciferase reporter is in-frame fused
with the ORF of the genome at a positionwhere viral structural geneswere deleted, resulting in Rluc-Rep. (B) Mutagenesis of the 5′ stem-loop structure of theWNV genome. The 5′ SL
structure contains three helices (H-I, H-II, and H-III) and two loops (L-I and L-II). For each helix, three mutations, as depicted for the case of H-1, were constructed using the Rluc-Rep.
For each loop, distinct mutations in replicon were prepared as shown. (C) Effects of the 5′ stem-loop structure on viral translation and RNA synthesis. Equal amounts of WT and
mutant replicons were transfected into BHK-21 cells, and assayed for luciferase activities at 4 h and 72 h post-transfection. Relative luciferase activities are presented, with luciferase
signals derived from theWT replicon set to 100%. In addition to themutants presented in (B), the ﬁrst three nucleotides of the genomeweremutated and analyzed. (D) Analysis of the
ﬁrst three nucleotides of theWNV genome in the context of genome-length RNA. Genome-length RNAs containing mutations within the ﬁrst three nucleotides were transfected into
BHK-21 cells, and assayed for their speciﬁc infectivity values and production of infectious viruses at day 5 post-transfection. If viable viruses were produced, representative plaques
are presented for the mutant RNA. Additionally, the 5′- and 3′-terminal nucleotides of the recovered viruses were sequenced using RACE. See Materials and methods for details.
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showed that the luciferase signals at 4 h and 72 h post-transfection
represent input-RNA translation and RNA synthesis, respectively (Lo
et al., 2003). All of the above mutants showed similar levels of
luciferase activities (75% to 130% of the WT replicon) at 4 h post-
transfection. However, at 72 h post-transfection, only mutant L-II2
yielded a luciferase signal comparable to that of the WT replicon; all
other mutants generated luciferase activities less than 1% of the WT
replicon activity. These results suggest that the engineered mutations
have critical effects on RNA replication, but are not important for RNA
translation.
We also analyzed the function of the ﬁrst three nucleotides of the
genome (AGU) in replicon (Fig. 7C). One mutant replicon was
presented for each of the ﬁrst two nucleotides (A1G and G2C; mutated
nucleotides are underlined); other replicons containing mutations at
these positions (i.e., A1C, A1U, G2A, and G2U) could not be transcribed
well during in vitro RNA synthesis; thus, they were not tested intransfection experiments. For the third nucleotide, three mutant
replicons were included (U3A, U3C, and U3G). Transfection of these
replicons into BHK-21 cells showed that, compared with the WT
luciferase signal collected at 4 h post-transfection, signals from
mutants A1G and G2C were 203% and 178% of the WT luciferase
activity, respectively; signals from mutants U3A, U3C, and U3G were
about 108%, 88%, and 92% of the WT luciferase activity, respectively
(Fig. 7C). However, at 72 h post-transfection, all mutants showed a
signal that was less than 1% of the WT luciferase signal.
To verify themutagenesis results derived from the replicon system,
we engineered three single-nucleotidemutations (A1G, G2C, and U3C)
into an infectious cDNA clone of WNV. Additionally, we prepared one
double-nucleotide mutant (AGU→ACC) and two triple-nucleotide
mutants (AGU→ GCU and AGU→GCC) for the ﬁrst three nucleotides.
The WT and mutant genome-length RNAs were assayed for their
speciﬁc infectivity values [deﬁned as the plaque-forming units (PFU)
generated by transfection of BHK-21 cells with 1 μg of RNA]. Only WT
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values (Fig. 7D), with 4.5×105, 5.0×102,1.0×101, and 1.5×101 PFU/μg of
RNA for WT, A1G, G2C, and U3C, respectively. Similarly, only cells
transfectedwithWTand the single-nucleotidemutant RNAs produced
infectious viruses in culture ﬂuids on day 5 post-transfection; the
mutant viruses exhibited plaquemorphology similar to that of theWT
(Fig. 7D). However, RACE analysis of the recovered viruses showed
that the engineered mutations had reverted to the WT sequence for
each mutant. Attempts to select for revertant viruses for double- and
triple-nucleotide mutants were not successful; no virus could be
recovered after continuous passaging of the supernatants (derived
from the RNA-transfected cells) on Vero cells for one month (data not
shown). In summary, the results from both the replicon and genome-
length RNA demonstrate that the WT sequence of the ﬁrst three
nucleotides is essential for WNV replication.
Discussion
Although terminal nucleotides of ﬂavivirus genomic RNAs have
been predicted to form conserved SL structures (Brinton and Dispoto,
1988; Brinton et al., 1986; Rice et al., 1985), limited biochemical
evidence exists to support the reality of the secondary structure that
has been predicted by thermodynamic modeling. The present study
has directly probed the RNA structures formed by the 5′-terminal 190
nucleotides and the 3′-terminal 111 nucleotides of the WNV genomic
RNA. RNase cleavage results, for the 5′RNA alone and for the 3′RNA
alone, support the thermodynamically calculated structures (Fig. 2).
One previous study probed the 3′-terminal structure of the WNV
genomic RNA (Shi et al., 1996). Since the focus of the study was to
analyze a potential pseudoknot interaction between the two 3′ SLs
(Fig. 1A), the probing experiment was performed on a truncated RNA
entailing a deletion of the top half of the 3′-terminal SL1 as well as a
deletion of the 3′CSI sequence. Comparison of the probing results from
the two studies indicated that the truncated RNA has a more compact
structure than does the 3′ 111-nt RNA. Speciﬁcally, nucleotides within
the Mfold-predicted stem regions of the truncated RNA were
speciﬁcally digested by RNase V1, whereas the analogous regions of
the 3′ 111-nt RNA were cleaved by both RNase V1 and RNase I. These
results indicated that the deleted nucleotides could affect the stability
of the RNA structure. The current probing study has demonstrated the
existence of distinct 5′ and 3′ SL structures of the WNV genomic RNA.
This is the ﬁrst report of structure probing and NS5 footprinting of
the structure formed by the 5′ and 3′ interacting sequences of a
ﬂavivirus genomic RNA. Although technical constrains (regions not
available to RNase cleavage and cleavage variability) prevented
complete analysis of the 5′ and 3′ structures, some differences were
detected between the structures of the 5′RNA and 3′RNA alone and
the structures of the 5′/3′RNA duplex. Upon genome cyclization, the 5′
RNA and the 3′RNAs both undergo conformational changes (Fig. 2).
First, nucleotides within the 5′UAR, 5′CS, 3′CS1, and 3′UAR elements
upon duplex formation became less accessible to cleavage by the
single-strand-speciﬁc RNase I, while some of these nucleotides
became more accessible to cleavage by the double-strand-speciﬁc
RNase V1. The results have provided direct evidence to support the
hypothesis that WNV genome cyclization is mediated through the 5′
CS/3′CSI and 5′UAR/3′UAR base-pairing interactions. Secondly, the 3′-
terminal nucleotides of the 3′RNA in the RNA duplex, at position −8 to
−16, became highly accessible to RNase I cleavages, suggesting that
these nucleotides became unpaired upon genome cyclization. This
ﬁnding of a conformational change correlates with our recent results
from selection of WNVs that were resistant to an antisense oligomer
targeting the 3′-CSI element (Deas et al., 2007). We previously showed
that a phosphorodiamidate morpholino oligomer (PMO) with a
sequence complementary to the 3′CSI element was a potent inhibitor
of WNV replication in cell culture (Deas et al., 2005). Selection of 3′CSI
PMO-resistant WNV generated an adaptive mutation located outsidethe PMO-targeted 3′CSI region. The escape mutation was located in
the bottom portion of the 3′-terminal SL1. Thermodynamic folding of
the mutated RNA suggested that the adaptive mutation changed the
conformation of nucleotides −8 to −12 to be single-stranded (Deas et al.,
2007). Importantly, the current footprinting results showed that these
unpaired nucleotides were protected by NS5 protein (Fig. 6B). The
combined results from the in vitro probing/footprinting and the in
vivo PMO-resistant virus suggest a potential role of the genome
cyclization-induced conformational change in viral RNA replication.
The exact functions of ﬂavivirus genome cyclization and of the
terminal SLs remain to be determined. Previous mutagenesis analysis,
using a luciferase-reporting WNV replicon, showed that deletion of
the 3′ SL RNA, or induction of mutations that block the 5′CS/3′CSI- and
5′UAR/3′UAR-mediated genome cyclization does not affect viral
translation, but abolishes RNA synthesis (Lo et al., 2003; Zhang et
al., 2008a). The current study has shown that mutations within the 5′
SL1 knock out RNA replication, but do not signiﬁcantly inﬂuence RNA
translation. To explore the mechanism of these RNA elements in RNA
synthesis, we analyzed the interaction of viral NS5, a key replication
component, with 5′ and 3′RNAs. During the initiation of minus-strand
RNA synthesis, the 3′ end of genomic RNA is assumed to be inserted
into the active site of the RdRp domain of the full-length NS5 protein.
A number of mechanisms can be envisioned, by which viral RdRp can
select RNA template. For example, viral RNA and replication complex
could be compartmentalized in infected cells; alternatively, the
selection of viral template could be accomplished through a speciﬁc
recognition between replication complex and viral RNA. Gel-shift
analysis showed that NS5 bound to the 3′ 111-nt RNA, but this RNA/
protein interaction was nonspeciﬁc (Fig. 5). In contrast, NS5
speciﬁcally bound to the 5′ 190-nt RNA (Fig. 4D). Furthermore,
footprinting (Fig. 6A) and competition results (Fig. 4E) showed that
NS5 mainly interacted with the 5′-terminal SL1. The latter results are
in agreement of our recent ﬁnding that WNV MTase requires distinct
viral RNA elements within the 5′ SL1 for two successive cap
methylations (Dong et al., 2007).
Since the biochemical experiments described here are simpliﬁed
(in the absence of other replication components), cautions should be
taken when interpreting these data. Nevertheless, our results suggest
that WNV genome cyclization plays a role in positioning the 3′ end of
the genomic RNA with respect to the RdRp domain during the
initiation of minus-strand RNA synthesis. In the absence of genome
cyclization, the nucleotides of the 3′UAR element base-pair with the
3′-terminal nucleotides of the viral genomic RNA. Upon genome
cyclization, the 3′UAR switches to base-pair with 5′UAR, releasing the
nucleotides within the 3′ terminus of the genome in an unpaired
conformation (as evidenced by the structure probing in Fig. 2B). The
unpaired 3′ nucleotides become available for association with the
RdRp domain. Meanwhile, NS5 speciﬁcally binds to the 5′ SL1 of the
genomic RNA. The proximity of the 5′ and 3′ ends of the genome, as
juxtaposed through genome cyclization, allows the RdRp domain to
interact with the 3′ nucleotides of the genomic RNA (as indicated by
the footprinting results in 6B). The WNV-based model bears
resemblance to, but is different from a DENV-2-based model in
which the RdRp domain alone recognizes the 5′ SL1 of the viral
genome to promote RNA synthesis (Filomatori et al., 2006). In the
DENV-2 study, an RdRp domain (aa 270–900; with a 269-aa deletion
spanning the complete MTase domain), was shown to bind to the 5′-
terminal SL1 RNA; the RdRp domain did not bind to the 3′ SL RNA. In
WNV, the RdRp domain (aa 268–905) showed almost no binding to
either the 5′ 190-nt RNA (Fig. 4B) or the 3′ 111-nt RNA (data not
shown). The discrepancy between the DENV-2 and WNV results may
reﬂect an intrinsic difference between two phylogenetically distant
ﬂaviviruses during replication.
The biological function of the 5′-terminal SL1 was analyzed in the
context of a reporting replicon and an infectious cDNA clone of WNV
(Fig. 7). As mentioned above, mutations within the 5′ SL1 mainly
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RNAs containing point mutations within the ﬁrst three nucleotides of
the genome yielded viruses with reversion to theWT nucleotides. The
latter results suggest that theWT sequence at the 5′-terminal region is
strictly selected during RNA replication. It should be noted that the
non-replicative phenotype of the mutant replicons is not necessarily
caused by the change in NS5 binding. Besides the binding to NS5, the
sequence and structure within the 5′ SL1 RNA could have other
unknown functions that are critical for RNA replication. More genetic,
biochemical, and structural studies are required to further deﬁne the
molecular mechanism by which these cis-RNA elements act during
ﬂavivirus replication.
Materials and methods
Preparation of recombinant proteins of full-length NS5, MTase domain,
and RdRp domain
Recombinant proteins of NS5 (aa 1–905) and MTase domain (aa 1–
300) of WNVwere prepared as previously described (Ray et al., 2006).
The RdRp domain (aa 268–905) was cloned into pET26b(+) at the Nde
I and Hind III sites. The resulting construct was veriﬁed by DNA
sequencing. The expression and puriﬁcation of the RdRp protein, with
a C-terminal His-tag, were performed using a protocol identical to that
for preparation of NS5 and MTase.
Gel-shift assays
Gel-shift assays were performed to examine RNA/RNA and RNA/
protein interactions. Cold and 32P-labeled RNAs representing the 5′
190 nt or the 3′ 111 nt of the WNV genome were prepared. The cold
RNAs were transcribed from PCR products containing a T7-promoter
sequence followed by the template sequence (Ray et al., 2006). Since
ﬂavivirus genomes start with an adenine, a bacteriophage T7 class II
ϕ2.5 promoter (Coleman et al., 2004) was used to facilitate synthesis
of ATP-initiated RNA using T7 RNA polymerase. The 32P-labeled RNAs
were similarly transcribed, except that [α-32P]GTP (50 μCi, 3000 Ci/
mmol; GE Healthcare) was added to the transcription reaction to label
the RNAs. The RNA synthesis was performed using aMEGAscript T7 kit
(Ambion). After transcription, the template DNA was digested with
DNase I according to the manufacturer's protocol. The reactions were
passed through two G-25 columns (Perkin Elmer Life Sciences) to
remove unincorporated NTPs. The cold RNA was quantiﬁed by a
NanoDrop spectrophotometer. The labeled RNA was measured with a
scintillation counter.
For analysis of RNA duplex formation between the 5′ 190-nt and 3′
111-nt RNAs, 2.5×104 to 4.5×104 CPM of RNA probe (unless indicated
otherwise), equivalent to about 3 to 5 pmol, were mixed with the
counterpart cold RNA in a total volume of 15 μl buffer, containing
50 mM Tris–HCl, pH8.0, 200mMNaCl, and 5mMMgCl2. The reactions
were incubated at room temperature for 30 min, and analyzed on an
8% polyacrylamide native gel followed by autoradiography. For
competition assays, the m7GpppA-190-nt RNA was prepared by
incubation of pppA-190-nt RNA with vaccinia capping enzyme in
the presence of GTP and S-adenosyl-L-methionine following the
manufacturer's protocol; the A-190-nt RNA (without 5′ phosphate)
was prepared by treatment of pppA-190-nt RNA with calf intestinal
alkaline phosphatase (New England BioLabs). Plasmid-derived [pUC19
and pGEM-5Zf(+)] RNAs were transcribed using PCR products as
templates as described above.
For analysis of RNA/protein interactions, 2.5×104 to 4.5×104 CPM
of RNA probe were incubated with the indicated amounts of
recombinant NS5, MTase, or RdRp proteins in 15-μl dual-methylation
buffer (50mM glycine, pH10, 200mMNaCl, and 2mMDTT). The dual-
methylation buffer is able to support both N7 and 2′-O cap
methylations; MgCl2 is inhibitory for N7 methylation activity and,therefore, was not included in this buffer (Zhou et al., 2007). For
competition assays, speciﬁc viral RNA or nonspeciﬁc plasmid RNAs
were added to the reactions. After incubation at 37 °C for 30 min, the
reactions were analyzed on an 8% polyacrylamide native gel. The gels
were dried and analyzed by autoradiography. Similar RNA/protein
interaction results were obtained when the RdRp buffer (50 mM Tris,
pH 8.0, 50 mM NaCl, 5 mMMgCl2, and 2 mM DTT) was used (data not
shown).
RNase structure probing
The 5′ 190 nt or the 3′ 111 nt of the WNV genome were in vitro
transcribed as described above, and capped using [α-32P]GTP and a
vaccinia virus capping enzyme (Epicentre) according to manufac-
turer's instructions. The capping reactions were passed through two
G-25 columns. The resulting 5′-labeled G⁎pppA-190-nt RNA and
G⁎pppA-111-nt RNA were puriﬁed through a 8% polyacrylamide
denaturing gel (Shi et al., 1998). After electrophoresis, the gel was
directly exposed ﬁlm to locate the labeled RNA bands. The gel slices
containing the labeled RNAs were crushed into small pieces and
eluted in 500 mM ammonium acetate, 1 mM EDTA, and 0.1% SDS
overnight at room temperature on a rotating apparatus. The elution
liquid was extracted once with phenol:chloroform and precipitated
with ethanol in the presence of 10 μg of yeast carrier RNA (Ambion).
The puriﬁed RNAs were resuspended in RNase-free water and
quantiﬁed using a scintillation counter.
For structure probing of 5′ G⁎pppA-190-nt RNA or 3′ G⁎pppA-111-
nt RNA alone, about 3–5×105 CPM of labeled RNA and 10 μg of yeast
RNAwere diluted in 20-μl structure buffer (10 mM Tris, pH 7, 100 mM
KCl, and 10mMMgCl2; Ambion). The RNA solutionwas heated to 85 °C
for 1min, slowly cooled to room temperature, and placed on ice-slurry
bath. The RNA was then digested with 20 U of RNase I (Ambion) or
with 0.5–1 U of RNase V1 (Ambion) at room temperature for 10 min.
For structure probing of RNA duplex, equal amounts of 5′ 190-nt RNA
and 3′ 111-nt RNA, with one of the two RNAs being 5′-end labeled,
were incubated in 50mM Tris–HCl, pH7.0, 200mMNaCl, 5 mMMgCl2,
and 2 mM DTT (a total volume of 20 μl) at room temperature for
30 min for RNA duplex formation. We initially used the heating-and-
cooling procedure (described above) to prepare the RNA duplex. For
an unknown reason, such heating-and-cooling treatment resulted in
substantial degradation of the RNA duplex. After trying several
conditions, we found that incubating the 5′RNA and 3′RNA at room
temperature for 30 min yielded homogenous RNA duplex without
degradation, as indicated by native gel analysis of the RNAs (data not
shown). The RNA was then digested with RNases as described above.
For preparation of G ladder, 3–5×105 CPM of viral RNA and 10 μg yeast
RNA were incubated in 10-μl sequencing buffer (20 mM sodium
citrate, pH 5, 1 mM EDTA, 7 M urea; Ambion) at 50 °C for 5 min. After
cooling the reaction to room temperature for 10min,1 U RNase T1was
added. The reaction was further incubated at room temperature for
10 min. The hydrolysis ladder was prepared by incubation of 3–5×105
CPM of RNAwith 10 μg yeast RNA in alkaline hydrolysis buffer (50 mM
sodium carbonate [NaHCO3/Na2Co3], pH 9.2 and 1mMEDTA; Ambion)
at 95 °C for 7–8 min. The reactions were stopped by addition of
denaturing loading buffer, heated at 95 °C for 1 min, and analyzed on
20% and 6% polyacrylamide denaturing gels, followed by
autoradiography.
Footprinting of NS5/RNA complexes
Footprinting reactions (a total volume of 15 μl) contained 4–6 μg of
recombinant NS5 and 3–5×105 CPM of one of the three RNAs (5′
G⁎pppA-190-nt RNA, 5′ G⁎pppA-190-nt/ 3′ pppA-111-nt RNA duplex,
or 5′ pppA-190-nt/ 3′ G⁎pppA-111-nt RNA duplex) in 50 mM Tris, pH
7.0, 50 mM NaCl, 5 mM MgCl2, and 2 mM DTT. Prior to NS5 addition,
the RNAs were ﬁrst subjected to heating/cooling- or room
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adding NS5 protein to the RNAs solution, the reactions were incubated
at room temperature for 30 min to allow RNA/protein complex
formation. The mixtures were then treated with 10–20 U RNase I, or
with 0.5–1 U RNase V1, at room temperature for 10 min. The RNase
digestions were stopped by addition of equal volumes of denaturing
loading buffer and then analyzed on denaturing gels, as described
above.
Construction of mutant replicon and genome-length cDNA clones of
WNV
A Renilla luciferase-reporting replicon of WNV (Lo et al., 2003) was
used to analyze the function of RNA elements in viral replication. For
analysis of 5′RNA, variousmutant replicons were constructed by using
the Rluc-Rep cDNA clone and a shuttle vector pGEM-5′NTR (Zhang et
al., 2008a). The various 5′ UTR mutations were introduced into the
pGEM-5NTR plasmid using a QuikChange II XL site-directed mutagen-
esis kit (Stratagene). The mutated DNA fragment was then cut-and-
pasted back into the Rluc-Rep cDNA clone at the BamH I (located
immediately upstream of the T7 promoter used for replicon RNA
transcription) and Nsi I (located in the luciferase gene) sites.
WNV genome-length cDNA clones with 5′ nucleotide substitutions
were constructed with a modiﬁed pFLWNV (Shi et al., 2002) and a
shuttle vector. The shuttle vector contained the BamH I-Sph I fragment
from the pFLWNV [representing the upstream end of the T7 promoter
(used for transcription of the genome-length RNA) to nucleotide
position 3627 of the WNV genome; GenBank no. AF404756], as
previously reported (Zhou et al., 2007). A QuikChange II XL site-
directed mutagenesis kit was used to engineer the 5′ nucleotide
mutations into the shuttle vector. The mutated DNA fragment was
pasted back into the pFLWNV clone at the BamH I and Cla I (nucleotide
position 1,089) sites. All constructs were veriﬁed by DNA sequencing.
RNA transcription and transfection
Replicon and genome-length RNAs were transcribed from the Xba
I-linearized cDNA plasmids using mMESSAGE mMACHINE kits
(Ambion). The transcription reactions were performed according to
the manufacturer's protocols. The replicon and genome-length RNAs
were electroporated into BKH-21 cells as previously described (Shi
et al., 2002).
Speciﬁc infectivity assay
The details of speciﬁcity infectivity assay were reported previously
(Shi et al., 2002). Brieﬂy, a series of 1:10 dilutions were made by
mixing 0.5 ml of the transfected BHK-21 cell suspensionwith 4.5 ml of
DMEM containing 10% FBS. One milliliter of cells from each dilution
was seeded into individual wells of 6-well plates containing conﬂuent
Vero cells. The seeded BHK-21 cells were allowed to attach to the
plates at 37 °C with 5% CO2 for 6 h before the ﬁrst layer of agar was
added. A second layer of agar containing neutral red was added after
3 days of incubation at 37 °C with 5% CO2. Plaque morphology and
numbers were recorded after incubating the plates for additional 12 to
24 h. The speciﬁc infectivity value was calculated as the number of
plaque-forming unit per μg of transfected RNA.
Luciferase assay
After transfection of BHK-21 cells with the luciferase-reporting
replicon RNA, 1 ml and 0.25 ml of the transfected cells were seeded
into 12-well plates, for assay of luciferase signals at 4 h and at 72 h
post-transfection, respectively. Fewer cells were seeded for the 72-h
time point than for the 4-h time point, to avoid cell overgrowth at the
time of luciferase assay. Triplicate wells were seeded for each sample.Luciferase activities were quantiﬁed using a luciferase assay kit
(Promega). The cells were washed with PBS once and lysed with 250-
μl lysis buffer on a shaker for 25min. The lysate (20 μl) was mixedwith
100 μl of assay reagent and measured for luciferase signals using a
Veritas Microplate Luminometer.
RNA RACE
RNA RACE was performed to sequence the 5′ and 3′ terminal
nucleotides of the recovered viral RNAs. Viral RNAwas extracted from
virions in culture medium using QIAamp Viral RNA kits following the
manufacturer's protocol (Qiagen). Viral RNA was treated with 20 U of
tobacocco acid pyrophosphatase (TAP; Epicentre) at 37 °C for 1 h to
remove the 5′ cap structure (total volume 10 μl), resulting in RNA that
contained a 5′ monophosphate. The TAP-treated reaction (2 μl) was
used for RNA ligation in a 10-μl volume containing 5 U of T4 RNA ligase
(Ambion). The ligation reaction was incubated at 30 °C for 1 h. The
ligation reaction (5 μl) was used for RT-PCR to amplify the ligated
junction region between the 5′ and 3′ ends of the RNA. The PCR
products were directly subjected to DNA sequencing.
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